This study investigated developmental changes in the effect of acidosis on intracellular pH (pHi) and [Ca]i in the isolated heart and isolated myocyte preparations. The whole heart or myocytes of newborn (5-7 days old) and adult rabbits were loaded with the fluorescent pH indicator 2',7'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF) the premature myocardium.6 Solaro and colleagues8'9
have been postulated to be the mechanisms of the altered mechanical function during acidosis. Our earlier studies6 '7 showed that in the isolated rabbit heart preparation the effect of acidosis on contractile function in the premature myocardium was less than in the mature myocardium. The reasons for the developmental changes in the sensitivity to acidosis remain undetermined. We also speculated that intracellular buffer capacity may be greater in single myocytes isolated from the ventricle. Each preparation has advantages and disadvantages. For the experiments using fluorescent dyes, fluorescence observed in the ventricular preparation may come from cells other than myocytes; therefore, the singlecell preparation may be more suitable. However, the effect of the isolation procedure on cellular integrity may be different in the newborn and adult, and this may cause age-related differences in the behavior of the isolated cells to various interventions. Furthermore, in our apparatus for the study of single cells, it was not possible to change extracellular pH rapidly. Therefore, we used two kinds of preparations and compared the data obtained in each preparation. Newborn (5-7 days old) and adult (6 months old) New Zealand White rabbits were used. The animals were heparinized (15 units/100 g body wt i.v.) and killed by a sharp blow to the skull. The heart was then excised from the chest cavity and used immediately for the study.
Solutions
The control Krebs-Henseleit solution contained (mM) NaCl 118, KCl 6, CaCl2 1.5, glucose 6, MgCl2 1, NaHCO3 24 , and NaH2PO3 0.436. The control solution was equilibrated with 95% 02-5% C02, yielding a final pH of 7.38-7.42. Respiratory acidosis was produced by equilibration with 80% 02-20% C02, and the perfusate pH was 6.80+0.01. Metabolic acidosis was produced by decreasing NaHCO3 to 6 mM (the solution was gassed with 95% 02-5% C02), and pH of the perfusate was 6.78±0.02. In the metabolic acidosis solution, NaHCO3 was replaced with NaCl, and the total sodium concentration was kept to 142 mM.
Fura-2, fura-2-AM, BCECF, and BCECF-AM were purchased from Molecular Probes, Junction City, Ore. Dimethylsulfoxide (DMSO) was purchased from Eastman Kodak, Rochester, N.Y. Fura-2, fura-2-AM, BCECF, and BCECF-AM were dissolved in DMSO to 1 mM, and these stock solutions were stored at -80°C. Nigericin (Calbiochem, La Jolla, Calif.) dissolved to 10 mM in dimethylformamide: ethanol (3: 1) and ionomycin (Calbiochem) dissolved to 1 mM in DMSO were also stored at -80°C. Cremophor EL (Sigma Chemical, St. Louis), a noncytotoxic detergent, was diluted to 25% with H20 and stored at room temperature. Emulgen 810, a nonfluorescent detergent, was a gift from Kao, Tokyo, Japan. Triton X-100 was purchased from Sigma Chemical. Digitonin was purchased from Dojin, Kumamoto, Japan.
Ventricular Preparation
In the ventricular preparation, the aorta was cannulated with a polyethylene cannula and perfused with oxygenated perfusate at a constant perfusion rate of 5 ml/g tissue/min with a roller pump. The atrial wall was cut open, and a suture was placed in the atrioventricular nodal region to block atrioventricular conduction.10 The heart was stimulated at 40 beats/min, and its temperature was maintained at 27 C. A latex balloon was placed into the left ventricle via the left atrium. A fluid-filled polyethylene cannula was attached to the intraventricular balloon, and left ventricular pressure was monitored using a pressure transducer and an amplifier (San-ei Sokki, Tokyo, Japan). The volume of water in the balloon was adjusted using a syringe connected to the side arm of the cannula to obtain left ventricular resting pressure of 6-8 mm Hg in both the newborn and adult." The heart preparation was placed in a tissue bath that was mounted on the stage of an inverted microscope (model TMD, Nikon, Tokyo, Japan). By use of micromanipulators connected to the intra-aortic and intraventricular cannulas, the position of the heart was adjusted so that only a small portion of the ventricular surface (approximately 3-7 mm in diameter) touched the cover glass lightly.
When the heart contracted, the heart moved upward, but the observed area of the cardiac surface (left ventricular free wall) was still touching the glass coverslip. To minimize the effect of cardiac movement, a x 10 objective (Fluor, Nikon), rather than an objective with higher magnification, was used.
Dye loading in the ventricular preparation. Fura-2-AM and BCECF-AM are acetoxymethyl esters of fura-2 and BCECF, respectively, and are membrane permeable.'2'13 Once fura-2-AM and BCECF-AM enter the cell, the ester is hydrolyzed, and the free form of fura-2 or BCECF does not leak out of the cell easily. Initially, the heart was perfused with a control solution for 20 minutes to allow for stabilization of the mechanical function. The fluorescent dye was dissolved in a perfusion solution using a modified method of Poenie et al'4: a mixture was made of 200 ,ul of 1 mM fura-2-AM or BCECF-AM in DMSO, 50
,ul of 25% wt/wt cremophor EL,'5 and 1,500 gl fetal calf serum. The mixture was added to 80 ml oxygenated Krebs-Henseleit solution and mixed well. The flask containing this solution was then placed in the water bath of an ultrasonicator (Hitachi, Tokyo, Japan) and sonicated for 20 minutes. The heart was then perfused with the solution containing 2.5 ,M fura-2-AM or 2.5 ,M BCECF-AM for 20 minutes. In the adult heart, the perfusion solution containing fura-2 -AM or BCECF-AM was recirculated. After 20 minutes of perfusion with the solution containing the fluorescent dye, the heart was perfused for 60 minutes with dye-free Krebs-Henseleit solution to wash out extracellular fura-2-AM or BCECF-AM. Ventricular pressure decreased to about 60% of the control value after 20 minutes of perfusion with a solution containing fura-2-AM or BCECF-AM, but the mechanical function returned to the control level after washout of the dye.'6 Single-Cell Preparation
The heart was excised from the chest cavity and perfused via the aorta with oxygenated calcium-free Krebs-Henseleit solution for 3 minutes (newborn) or 5 minutes (adult) at a flow rate of S ml/g/min. The heart was then perfused with calcium-free Krebs-Henseleit fluorometer to the microscope and illuminated the heart preparation through a glass coverslip mounted on the bottom of the tissue bath. The emitted light passed through a 505 -nm (for fura-2) or 530-nm (for BCECF) band-pass filter, and its intensity was measured by a photomultiplier (model R928, Hamamatsu Photonics). The signal was recorded and analyzed using an IBM PC/AT-based data collection system (model DM3000CM, SPEX). In the present experiment, the intensity of fura-2 fluorescence at each excitation wavelength was observed for 5 msec at 20-msec intervals: both fluorescence intensity at 340-nm excitation and that at 380-nm excitation were measured at 20-msec intervals. Since pHi did not change with cardiac contraction, BCECF fluorescence was measured for 1 second at 5-second intervals. In all experiments, the autofluorescence intensity was measured in the heart before fura-2 or BCECF loading, and the data were stored in a hard disk of the computer. At the end of the experiment, the autofluorescence value was subtracted from the value obtained after the dye-loading. The fura-2 fluorescence ratio was then calculated as follows using the computer: ratio= (fluorescence at 340 nmautofluorescence at 340 nm)/(fluorescence at 380 nm-autofluorescence at 380 nm). The BCECF fluorescence ratio (490/439 nm) was calculated in a similar fashion. Acidosis did not significantly alter the autofluorescence at the fura-2 or BCECF excitation wavelength. In the experiment using single cells, autofluorescence was measured on myocytes from the same batch that were not loaded with the dye.
Calibration of BCECF fluorescence ratio. The relation between the fluorescence ratio and pHi was determined using single cells of the newborn and the adult. Myocytes were loaded with BCECF-AM and washed 3 times to remove extracellular BCECF-AM. Aliquots of the myocytes were suspended in pH calibration solutions with various pH values. The calibration solution contained 10 ,M nigericin, 30 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES), 1 mM EGTA, 3 mM MgCl2, 133 mM KCl, 11 mM NaCl, and pH was adjusted to 7.4, 7.1, 6.8, and 6.5 with 0.5N KOH. After the cells were allowed to equilibrate with extracellular pH for 30 minutes, fluorescence from single cells was measured in a manner similar to that described above. Variation among the ratios measured in the cells at each pH was small, and the value in the newborn was similar to that in the adult ( Figure 2A ). Therefore, the in vivo calibration curve was used to estimate pHi. Excitation spectra (emission at 530 nm) of BCECF loaded into the ventricular preparation may be different from that of the dye in the solution.18,19 Therefore, calibration was performed using the dye extracted from the muscle by homogenization. The muscle loaded with BCECF was homogenized with 10 vol (muscle weight in grams times 10 ml) of a solution containing (mM) TES 30, EGTA 1, MgCl2 3, KCI 133, and NaCI 11. The pH of the homogenate was then adjusted to 7.4, 7.1, 6.8, and 6.5 with 0.5N KOH or 0.5N HCl, and the fluorescence of an aliquot of the homogenate was measured. The homogenate of the muscle not loaded with BCECF was used to measure autofluorescence. The autofluorescence intensity, however, was not significantly different from the background counts that were measured using H20. The BCECF fluorescence ratio of the muscle homogenate at various pH values was slightly different from that obtained in the calibration solution, but the value in the newborn was similar to that in the adult ( Figure 2B ). The pHi in the ventricular preparation was estimated using the calibration curve obtained with the homogenate. If the in vitro calibration curve was used to estimate pHi, the pHi value would have been approximately 0.1 unit higher in both the newborn and adult.
It might be more desirable to construct an in vivo calibration curve in the ventricular preparation. Therefore, in a preliminary experiment, the ventricular preparation loaded with BCECF was perfused with solutions containing 10 uM nigericin, 30 mM TES, 1 mM EGTA, 3 mM MgCl2, 133 mM KCI, 11 mM NaCl (pH 7.4, 7.1, 6.8, and 6.5 with 0.5N KOH), and the fluorescence from the ventricular surface was measured. The duration of perfusion was 20 minutes at each pH value. The fluorescence intensity reached a new steady state within 10 minutes. The in vivo calibration curve constructed by nigericin perfusion in the ventricular preparation was similar to that obtained using the muscle homogenate in the two age groups. However, this calibration procedure required a large amount of nigericin, especially in the adult. Therefore, calibration using the muscle homogenate was routinely performed.
Calibration of fura-2 fluorescence ratio. Initially, attempts to construct an in vivo calibration curve of variable and approached the value in the solution. Furthermore, the ratio obtained in the newborn cells at pCa 2.7 was similar to the value in the adult cells.
In additional experiments, 2% Triton X-100 or 2% Emulgen 810, a nonfluorescent detergent,21 was added to the cell suspension to lyse the cell membrane, and a calibration curve was constructed using the supernatant. The curve was identical to the in vitro calibration curve. These data suggest that the difference between the in vivo and in vitro calibration results from the inadequate effect of ionomycin to increase membrane permeability to calcium rather than from calcium-insensitive forms of fura-2. Effect of pH change on fura-2 fluorescence was also determined using in vitro calibration solutions with free calcium concentrations of 1 nM and 2 mM. At each calcium concentration, pH was adjusted to 6.5, 7.1, and 7.7, and fluorescence was measured. There was no significant effect of pH change on fura-2 fluorescence.
Fura-2 may be incorporated into intracellular organelles, such as sarcoplasmic reticulum and mitochondria, and this dye compartmentation may interfere with the cytosolic calcium estimation. 25 In a preliminary experiment, the degree of the dye compartmentation was assessed using digitonin, which disrupts the sarcolemma but not the mitochondrial or sarcoplasmic reticulum membrane.26 The fura-2-loaded single cells were superfused with calcium-free Krebs-Henseleit solution containing digitonin (50 ,M), and the fluorescence intensity (excitation at 360 nm) was measured. After 5 minutes of digitonin perfusion, fura-2-associated fluorescence intensity decreased to a level that was not significantly different from the autofluorescence intensity in the two age groups. This suggests that most of the intracellular fura-2 was in the cytosol in both the newborn and the adult.
Because manipulation of [Ca]i using ionomycin was technically difficult, the in vivo calibration could not be performed in the whole-heart preparation. Since intensity of autofluorescence at 340-and 380-nm excitation was significant and varied depending on the metabolic conditions, calibration of the fluorescence ratio using muscle homogenate could not be performed. Therefore 
Experimental Protocol
In both the ventricular preparation and the singlecell preparation, 60 minutes was allowed for stabilization of mechanical function. In the ventricular preparation, the heart was perfused with an acidotic (either respiratory or metabolic) solution for 10 or 30 minutes and then perfused with a control solution for 30 minutes.
In the single-cell preparation, only the effect of respiratory acidosis was examined. Since the solutions in the tissue bath could not be exchanged rapidly, the respiratory acidosis solution was perfused for 20 
Ventricular Preparation
Mechanical function. Left ventricular contractile function was measured in the isolated isovolumic heart preparation, and baseline mechanical function was similar to the data of Parrish et al.11 In brief, under our experimental conditions in which left ventricular diastolic pressure was set at 6-8 mm Hg in both the newborn and the adult, left ventricular developed pressure in the newborn (19±3 mm Hg, n=20) was significantly less than in the adult (74±3 mm Hg, n=16).
The effect of acidosis on mechanical function was similar to the previously reported data.6 In the newborn, left ventricular developed pressure decreased transiently to 59 ±6% of the control value and recovered to 92±7% at 10 minutes into respiratory acidosis (n=6, Figure 2 ). In the adult, left ventricular developed pressure decreased transiently to 27 ±3% and recovered to 48±4% at 10 minutes into respiratory acidosis (n=6, Figure 2 ). The negative inotropism of respiratory acidosis in the newborn was significantly less than in the adult. On returning to the control solution, left ventricular developed pressure pHi in the whole heart. Under control conditions, pHi in the newborn (7.03+0.04, n =6) was not significantly different from that in the adult (7.10+0.09, n=6). In both the newborn and adult, respiratory acidosis caused a rapid decline in pHi, which was followed by a slight but significant recovery ( Figure   3 ). pHi during acidosis in the newborn was significantly higher than in the adult (Figure 4) into metabolic acidosis, the pHi in the newborn was significantly higher than in the adult ( Figure 6 ). The net decrease in pHi during 30 minutes of metabolic acidosis in the newborn (0.08+0.01 pH unit, n=5) was less than in the adult (0.32+0.03 pH unit, n=5). Cat in the whole heart. Fluorescence obtained at 340-nm excitation increased and that obtained at 380-nm excitation decreased with cardiac contraction. Autofluorescence, which is fluorescence without fura-2, was less than 25% of the fura-2 fluorescence and did not change with cardiac contraction. Under control conditions, fluorescence ratios in the adult were greater than in the newborn (Figure 7) . In both the newborn and adult, the diastolic and systolic [Ca]l increased gradually during acidosis and reached the steady state after 5 minutes into acidosis (Figure 7) . On returning to the control solution, the fluorescence ratios during diastole and during systole were still increased and returned to the control level gradually.
Single-Cell Preparation
Mechanicalfunction. In the single-cell preparation, cell length and width in the newborn were less than in the adult (Figure 1) . Under control conditions, cell shortening in the newborn was less than in the adult (Table 1) . During Since the solutions could not be exchanged rapidly and since the time course of the extracellular pH change was variable in each experiment, only pH, at a steady state was used for data analysis. The net decrease in pHi during respiratory acidosis in the newborn (0.2 pH unit) was significantly less than in the adult (0.32 pH unit, Table 2 ). Intracellular buffering power, which was calculated by using the values in Table 2 , in the adult (41±6 mM/pH) was significantly less than in the newborn (82±14 mM/pH).
[Ca]i in single cells. Under control conditions, [Ca]l estimated by using the in vitro calibration curve in the newborn cell was less than in the adult (Table 3) . In both the newborn and adult, the diastolic and (Table 3) . Discussion The present study measuring left ventricular pressure confirmed the data in our previous study,6 which showed that the contractile function of the premature myocardium is more resistant to acidosis. The present study also showed that the age-related difference in the effect of acidosis on contractile function, pHi, and [Ca]l observed in the ventricular preparation was directionally similar to that observed in the single-cell preparation. This suggests that isolated single cells retain the age-related properties observed in the intact muscle. Although relative depression of mechanical function during respiratory acidosis in the adult single cells (69% of control) was less than in the ventricular preparation (48% of control), this may result from the difference in mechanical loading conditions in the two preparations. In addition, the net decrease in pH, in the adult single-cell preparation (0.32 pH unit) was less than in the ventricular preparation (0.46 pH unit), and this may be partly responsible for the difference in mechanical function during acidosis. Since only a limited number of cells were used and data were taken only from rod-shaped cells, there may be a bias in the data obtained in the single-cell preparation.
In the single-cell preparation, baseline shortening fraction in the newborn was less than in the adult.
This finding is consistent with the data of Nassar et al,33 who showed that shortening of sarcomere length in the 3-week-old rabbit was less than in the adult. The decreased contractility in the premature myocardium may be partly due to the relatively scarce and disorganized myofilaments. [33] [34] [35] The greater resistance of the contractile function of the newborn myocardium to acidosis may be due to the age-related difference in 1) the intracellular buffer capacity, 2) sensitivity of contractile proteins to acidosis, and/or 3) sensitivity of the regulatory system of [Ca] i to acidosis. The present study showed that changes in pHi during acidosis were less in the newborn than in the adult (Figure 4 , indicator and showed that in the adult rat recovery of mechanical function after a transient depression during acidosis was associated with increases in the magnitude of calcium transient. They also showed that in the newborn rat contractile function deteriorated gradually during acidosis and that this deterioration was associated with small decreases in the magnitude of calcium transient. In contrast to the data in the rat,8 contractile function depressed transiently and then recovered during acidosis in both the newborn and adult rabbit. In addition, significant increases in diastolic and systolic [Ca] i were observed in the two age groups (Figure 7) . It is most likely that the recovery of mechanical function is due to small recovery of pHi ( Figure 4) In the present study, both diastolic and systolic
[Ca]l in the adult was higher than in the newborn (Table 3 ). Nakanishi and Jarmakani10 showed previously in the isolated rabbit heart preparation that the extracellular calcium-tension curve in the newborn shifted to the right compared with that in the adult. Since the sensitivity of contractile proteins to calcium was similar in the newborn and adult,10 they speculated that [Ca] is responsible for the greater tolerance to acidosis in the newborn rabbit. Finally, it must be noted that determination of the absolute value of [Cali is problematic.22-24 Although we used 6 ,uM ionomycin in the in vivo calibration, which is a higher concentration than that used by other investigators,23 the fluorescence ratio in the cell was still variable (Figure 2 ), suggesting the inadequacy of the ionomycin effect to increase the cell membrane permeability to calcium. In a preliminary study, ionomycin concentrations higher than 6 ,tM resulted in loss of fura-2 from the cell. Since it was unlikely that the difference between the in vivo calibration and in vitro calibration curve ( Figure 2 ) was caused by calcium-insensitive forms of fura-2, we used an in vitro calibration curve and obtained [Cali values similar to those reported by other investigators.23 '24 In summary, the present data suggest that the greater resistance of contractile function in the premature myocardium is at least in part due to the greater buffer capacity and not due to the difference in the [Ca]i alteration.
